I. INTRODUCTION
The magnetic properties of arrays of nanoparticles are receiving considerable attention due to their potential for practical applications in high-density magnetic storage. Arrays of holes in a continuous magnetic film ͑antidots͒ have also been investigated but to a lesser extent. [1] [2] [3] [4] [5] [6] [7] [8] Antidot arrays have also been proposed as a competitor for highdensity storage media with characteristics of high stability while avoiding the superparamagnetic limit. 6 The introduction of antidot arrays in magnetic thin films also provides a means for engineering their magnetic properties in a controllable way. 6, 7 Though it is known that the antidot pattern completely modifies the magnetization dynamics of the ferromagnetic medium, the switching mechanism during magnetization reversal is an important issue which is not yet well understood in these systems. In this work, micron-size antidot arrays of Permalloy film with different symmetries on a hole mesh are studied using quantitative magneto-optic Kerr vector magnetometry and magnetic force microscopy. The results presented show that the antidot arrays induce an anisotropy related to the symmetry of each array unit mesh and that the reversal process takes place through a periodic domain formation process.
II. EXPERIMENT
The four arrays investigated in this study were patterned from a 40-nm-thick Permalloy film, which was deposited on a native-oxide Si ͑001͒ substrate at a rate of about 1 Å/s by dc-magnetron sputtering. During deposition a magnetic field of 100 Oe was applied parallel to the substrate plane to induce a magnetic anisotropy. Hole arrays with different mesh symmetry were transferred into the film using photolithography and ion milling. In sample A the antidots form a 3 m ϫ7 m rectangular array; in sample B they form a 5 m ϫ5 m oblique ͑rotated by 45°͒ square array, in the third sample ͑sample C͒ the unit mesh is hexagonal with a periodicity of about 3 m; and in the last sample ͑sample D͒ the antidotes form a 3 mϫ6 m oblique rectangular array. Figure 1 shows atomic force microscopy images for the antidot arrays. The shape of the holes was almost circular with diameters of about 1.5 m. The magnetic properties ͑mag-netization reversal and domain formation͒ were studied using magneto-optic Kerr vector magnetometry ͑V-MOKE͒ 9 and magnetic force microscopy ͑MFM͒. V-MOKE is a technique that allows for the determination of the magnetization vector direction as a function of the external applied field. The V-MOKE measurements were carried out with the external field applied in the sample plane. Magnetic domain structures were obtained using a Nanoscope Dimension @ III and monitoring the phase shift between the driving force and the resonant frequency of the cantilever while the magnetic tip is scanning the sample surface without contacting it at a fixed distance ͑typically 40-150 nm͒.
III. RESULTS AND DISCUSSION
The hysteresis loops recorded from the continuous Permalloy film evidence a well-defined uniaxial anisotropy with an anisotropy field of about 10 Oe and an easy axis coercivity of about 2.5 Oe. 10 This uniaxial anisotropy was also confirmed by torque measurement, which gave an anisotropy constant K of 1.4ϫ10 3 ergs/cm 3 . 5 After lithographic structuring, the samples display completely different hysteresis loops. In Fig. 2 the longitudinal ͑component of M parallel to H vs H͒ and transverse ͑in plane component of M perpendicular to H vs H͒ V-MOKE hysteresis loops recorded from samples A and B are shown, for three different orientations of the antidot array with respect to the direction of the applied field H. The relative orientation of the array and H are sketched in the insets, where ''h'' and ''e'' indicate the hard and easy axis directions of the original unpatterned film, respectively. In the case of sample A from the shape of the loops, we observe that, compared to unpatterned film, the direction ''h'' is still a hard axis for the patterned sample while the unit cell diagonal direction ͑about 25°from the original easy axis͒ has become now the new easy axis. The direction along the 0°direction, original easy axis, now has an anisotropy value intermediate with respect to the previous two. We note that the symmetry of the anisotropy in the patterned film is clearly related to the antidot lattice symmetry. In addition to the change of anisotropy, the coercive field of the patterned film also has significantly increased passing from 2.5 Oe to about 20 Oe. The V-MOKE hysteresis loops measured from sample B display a similar increase in the coercive field and changes in the magnetic anisotropy. In this case the original easy axis direction is still an easy magnetization direction at variance with the original hard axis that has now become another easy direction. The hard axis in this case is along the diagonal direction ͑45°and 135°from the original hard axis͒. The anisotropy has thus passed from a twofold to a fourfold symmetry, reflecting again the symmetry of the array lattice. Similar results were obtained for samples C and D ͑Fig. 3͒; with a new easy axes at 0°, 60°, etc. with hard axes at 30°, 90°, etc., for sample C consistent with the hexagonal unit cell; and an easy axis at 0°and hard one at 90°for sample D.
We can, therefore, conclude that antidot arrays induce an anisotropy, which becomes dominant over the original induced uniaxial anisotropy. The induced easy and hard axes become the directions along which the holes are furthest apart and closest to each other, respectively. The origin of this patterning induced anisotropy can be understood from • the following considerations: the surface ''charges'' that appear at the interface between a magnetized medium and vacuum ͑in the present case the hole edges͒ lead, via demagnetizing fields, to the formation of domains as the external field is progressively reduced from the saturation value. These domains are roughly triangular, have walls at ϳ45°to the field, magnetization perpendicular to the field, and they stretch out from both opposite sides of each hole along the field direction. 2, 11 When the external field is applied along the direction along which the holes are closest each other, these domains may coalesce more easily ͑i.e., when the external field is has not reversed, yet͒ to form bands of 90°-rotated spins connecting the holes along the field direction. In this way the system can reduce its magnetostatic energy by reducing the extension of domain walls creating larger domains with 90°-rotated spins, which can expand easily when the external field is successively reversed. The loops measured along such direction will display, thus, a hardaxislike loop shape.
The transverse loops ͑sensitive to the magnetization of domains with 90°-rotated spins͒ are consistent with the above explanation and indicate, moreover, that the magnetization reversal process occurs in the samples with a high degree of coherency. Of course, the coherency of the magnetization switching has to be intended here as the occurrence of a collective and periodic domain nucleation and expansion process.
The increase of coercive field in the loops after patterning originates from the nonmagnetic vacancies, which hinder the domain wall movement. The observed increase is very similar for all the four arrays, consistent with the relationship between coercivity and packing fraction predicted by inclusion coercivity theory; 12 indeed, the packing fraction is almost the same in the four samples investigated. In more detail, an increase in the cohercive field is expected as the separation of antidots is reduced. 13 The size of the holes seems also to play a relevant role. Submicron holes in Fe films, for instance, have been found to modify at a lesser extent the coercive field of the film.
2 It seems, therefore, possible to tailor the coercive field of a film by playing with the size of the holes and their separation.
The domain structures formed during reversal are shown by the MFM images in Fig. 4 , which are taken from the four samples at the remanent state after saturation along the continuous film easy axis direction. In order to check for interactions between the magnetic probe tip and the film, we acquired each image several times, varying also the direction of the tip motion. The stability of the magnetic state imaged assured us that the images taken are not affected by the stray field of the magnetic tip. The determination of the magnetization orientation from MFM images is a complicated and controversial procedure. We limit ourselves to observe that the images display well-defined domain structures, which are periodic and commensurate with the holes array. For all samples the images show the presence of domains creating bands that connect each hole to its nearest neighbors in qualitative agreement with the domain formation mechanism depicted above.
